Fecal coliforms growing in a selective lactose-based broth medium at 44.5°C generate a change in the electrical impendance of the culture relative to a sterile control when populations reach 106 to 107 per ml. The ratio of these changes was measured automatically, and the data were processed by computer. A linear relation was found between the logio of the number of fecal coliforms in an inoculum and the time required for an electrical impedance ratio signal to be detected. Pure culture inocula consisting of 100 fecal coliforms in log phase or stationary phase were detected in 6.5 and 7.7 h, respectively. Standard curves of logio fecal coliforms in wastewater inocula versus detection time, based on samples collected at a sewage treatment plant over a 4-month period, were found to vary from one another with time. Nevertheless, detection times were rapid and ranged from 5.8 to 7.9 h for 200 fecal coliforms to 8.7 to 11.4 h for 1 fecal colifonn.
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Variations in detection times for a given number of fecal coliforms were also found among sewage treatment plants. A strategy is proposed which takes these variations into account and allows for rapid, automated enumeration of fecal coliforms in wastewater by the electrical impedance ratio technique.
The most widely used methods for enumerating fecal coliforms are the standard most-probable-number (MPN) and membrane filter techniques (1) . They are time consuming, however, requiring from 24 to 72 h to complete. In recent years, emphasis has been placed on reducing the time required for fecal coliform detection and enumeration to improve the efficiency of sewage treatment plant operations and to better assess the quality of water in routine as well as emergency situations. As a result, j number of techniques that yield results in less than 24 h have been developed, some of which can be automated.
Bachrach and Bachrach (2) proposed a radiometric method for detecting coliforms based on the release of 14C02 from labeled lactose. Trinel and Leclerc (16) , using an autoanalyzer, developed an automated glutamate decarboxylase assay for detecting Escherichia coli. This method was extended to the enumeration of coliforms in milk (8) and water and sewage plant effluents (9) . Coliforms have been detected rapidly by sensing gas pressure changes over cultures (18) or by electrochemical measurements of hydrogen production (19, 20) ; the latter procedure has been automated (21 3 h of incubation were ignored to allow for temperature and other equilibria to occur and to avoid false positives. Thereafter, the time at which the impedance ratio began to increase at a rate of 0.0039 h-1 or greater and continued for at least the next 1. The pH was adjusted to 6.5 with NaOH. The medium was dispensed (20 ml single strength or 10 ml double strength) into 40-ml screw capped vials fitted with stainless-steel wire electrodes (Bactomatic, Inc., Palo Alto, ?alif.) and sterilized by autoclaving at 15 lb/in2 for 'no longer than 5 min. Unless otherwise noted, 1.0-ml or 10-ml inocula were added to 20 ml of medium or 10 ml of double-strength medium, respectively. A total final volume of ca. 20 ml per 40-ml vial was selected, because preliminary experiments showed that smaller volumes did not permit adequate electrode immersion, and larger volumes lengthened the time required to detect an electrical impedance ratio response.
A pure culture of E. coli was isolated from San Francisco Bay water adjacent to the outlet of a local sewage treatment plant. It was identified as E. coli by its typical colonial morphology on Endo agar (Difco) and by its biochemical responses using the API 20E system (Analytab Products, Plainview, N.Y.). A pure culture of a fecal coliform was isolated from a local sewage treatment plant effluent and identified as such by its ability to grow in the modified medium at 44.50C and by its ability to grow and produce gas at 44.50C in EC medium (1).
Experimental procedures. Chlorinated and unchlorinated final effluent samples were collected at two local sewage treatment plants. Chlorinated effluent samples were dechlorinated at the sewage treatment plant by using 2.0 ml of 0.025 N sodium thiosulfate per liter of effluent. All effluent samples were received at our laboratory within 30 min of collection, and experimental procedures were begun immediately thereafter.
For the experiment illustrated in Fig. 1 were diluted serially in modified medium. Individual dilutions were inoculated into each of four replicate sample vials containing sufficient modified medium so that the final volume was 20 ml. The reference vials, containing 20 ml of modified medium, and sample vials were connected to the Bactometer and incubated at 44.5°C. The number of fecal coliforms in the inoculum was determined by the standard MPN multiple-tube technique for fecal coliforms, using phosphatebuffered water as diluent, lauryl tryptose broth, and EC medium as described in Standard Methods (1).
In the experiments illustrated in Fig. 3 and 4, unchlorinated effluent samples were split into two equal portions. One portion was first filtered through Whatman no. 42 To achieve the desired range of fecal coliforms in a chlorinated-dechlorinated matrix for the experiments related to Fig. 5 , it was necessary to use unchlorinated effluents diluted 1,000-to 10,000-fold with chlorinateddechlorinated effluent because of the low number of fecal coliforms in chlorinated effluent alone. Thereafter, all procedures for these experiments were as given for the experiments related to Fig. 3 and 4 .
The Bactometer operates at a fixed frequency of either 2 kHz or 400 Hz. All experiments were run at 2 kHz, except for the experiments illustrated in Fig. 5 , which were run at 400 Hz.
RESULTS
The results of a typical experiment on the ability of the impedance ratio technique to detect the growth of E. coli are illustrated in Fig.  1 . It is apparent that populations must grow to between 106 and 107 per ml before an increase in impedance ratio can be detected. Thereafter, the impedance ratio increased rapidly and was linear, extending well into the stationary phase of growth before it began to decrease. The total impedance ratio increase consistently reached 0.0390 or greater over the complete growth cycle. These findings were reproducible and aided in defining a detection time as outlined in Materials and Methods. This definition was included in our computer program and was applied to all subsequent experiments.
The relation between the detection time and the number of fecal coliforms in an inoculum was examined. Both log-phase and stationaryphase pure culture inocula were tested. Figure 2 shows that a linear relation exists in which the detection time is inversely proportional to the log1o of the number of fecal coliforms in the inoculum. As expected, inocula taken from log phase cultures were detected earlier than were inocula taken from stationary-phase cultures. For example, Fig. 2 shows that an inoculum containing 100 log-phase fecal coliforms was detected in approximately 6.5 h as compared to approximately 7.7 h for a stationary-phase inoculum of the same size. This 1.2-h difference in detection time was consistent throughout the range of inoculum sizes tested.
Studies were extended to unchlorinated sewage treatment plant final effluents to determine whether there was a similar relation between the number of fecal coliforms and detection time to that found with a fecal coliform in pure culture. Figure 3 shows that this was indeed the case; there was an inverse relation between the detection time and the logio of the number of fecal coliforms in unchlorinated sewage treatment plant final effluent. The detection time for 100 fecal coliforms was 7.5 h (Fig. 3) , which agreed closely with a detection time of 7.7 h for the same number of stationary-phase pure-cultured fecal coliforms (Fig. 2) .
These results suggested the feasibility of constructing a standard curve relating detection time to the number of fecal coliforms in a wastewater inoculum. Figure 4 shows a series of seven standard curves constructed over a 4-month period, using dilutions of unchlorinated final effluent as inocula. Standard curves 3, 4, and 5 were constructed within an 8-day period and agreed very closely with one another. Curves 1, 2, 6, and 7, constructed several weeks earlier or 2 to 3 months later, diverged considerably from the three January curves, suggesting that any given standard curve, at least in this sewage treatment plant, would have a finite useful life. Nevertheless, the seven curves in Fig. 4 (Fig. 2) and wastewater from sewage treatment plants (Fig. 3, 4 , and 5). Although detection times for a given number of fecal coliforms may vary by 2 to 3 h in effluents from a particular sewage treatment plant sampled at different times of the year, the longest detection time for one fecal coliform remained less than nature, the present procedure of relating fecal coliform numbers determined by the MPN method to detection time by impedance ratio measurements is subject to some uncertainty because a correlation is being made between a procedure that is relatively independent of time (MPN) and one that is strictly time dependent (impedance). Those factors that increase or decrease the lag phase or growth rate of fecal coliform populations are bound to have a more direct effect on detection time than on MPN. One such factor may be differences in the inherent growth rates of different fecal coliform strains that enter the sewage treatment plant at different times. Added to this are the different stresses to which fecal coliforms are subjected during sewage treatment and their relative ability to recover in the different media used in the MPN procedure and the impedance ratio mea-
surements.
It has been demonstrated that stressed coliforms show greater recovery if incubated in a favorable medium at lower temperatures before being subjected to more rigorous selective media and temperatures (3, 6, 14, 15) . In our procedure for constructing standard curves, the same population of stressed fecal coliforms serves as the inoculum for the standard MPN and impedance ratio measurements. In the MPN procedure, stressed organisms are afforded an opportunity to recover in lauryl tryptose broth at 35°C before being subjected to the more rigorous demands of growth at 44.5°C in EC medium. By contrast, the determination of detection time by impedance ratio response requires these same stressed organisms to recover and grow in the selective modified fecal coliform medium of Reasoner et al. (12) (Fig.  4) , or at longer intervals in other sewage plants (Fig. 5) . Every sewage treatment plant is probably unique in this respect, and the useful life of a standard curve will have to be determined empirically for each facility.
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